In Huntington disease (HD), polyglutamine expansion causes the disease protein huntingtin to aggregate and accumulate in the nucleus and cytoplasm. The cytoplasmic huntingtin aggregates are found in axonal terminals and electrophysiological studies show that mutant huntingtin affects synaptic neurotransmission. However, the biochemical basis for huntingtin-mediated synaptic dysfunction is unclear. Using electron microscopy on sections of HD mouse brains, we found that axonal terminals containing huntingtin aggregates often had fewer synaptic vesicles than did normal axonal terminals. Subcellular fractionation and electron microscopy revealed that mutant huntingtin is co-localized with huntingtin-associated protein-1 (HAP1) in axonal terminals in the brains of HD transgenic mice. Mutant huntingtin binds more tightly to synaptic vesicles than does normal huntingtin, and it decreases the association of HAP1 with synaptic vesicles in HD mouse brains. Brain slices from HD transgenic mice that had axonal aggregates showed a significant decrease in [ 3 H]glutamate release, suggesting that neurotransmitter release from synaptic vesicles was impaired. Taken together, these findings suggest that mutant huntingtin has an abnormal association with synaptic vesicles and this association impairs synaptic function.
INTRODUCTION
Huntington disease (HD) is characterized by a movement disorder, cognitive impairment and psychiatric abnormalities. In HD, selective neurodegeneration occurs initially in the striatum and extends to other brain regions in later stages of the disease (1) (2) (3) . Although this neurodegeneration constitutes the pathological basis of HD, considerable evidence has also shown that neuronal dysfunction occurs in the absence of neurodegeneration in the early stages of HD. Cognitive symptoms often appear before the onset of the other classical symptoms (4-7). For example, postmortem studies show the absence of overt neuronal cell loss in early stage patients who had cognitive symptoms (1) .
Studies of HD mouse models provide compelling evidence that the N-terminal fragments of mutant huntingtin (htt) with an expanded glutamine repeat (82Q or 150Q) cause neurological symptoms resembling some clinical features of HD (8, 9) . Mice expressing exon1 HD protein (R6/2 and R6/1) with a highly expanded polyglutamine repeat (147-155 glutamines) develop motor deficiencies, cognitive impairment and impaired spatial cognition (10) (11) (12) . Similarly, mice expressing the first 171 amino acids with an 82-glutamine repeat (N171-82Q) also show neurological symptoms and early death at the age of 4-5 months (9) . These neurological symptoms are apparently associated with the nuclear accumulation of mutant htt and its effect on gene expression (8, 13) . Another subcellular site for the neuropathology mediated by mutant htt may be the neuronal processes in which the formation of htt aggregates (neuropil aggregates) is also associated with neurological symptoms (14) . Consistent with this idea, mutant htt inhibits the glutamate uptake in the HD mouse brain (15) or by isolated synaptic vesicles (16) . Mutant htt in axonal terminals may affect a variety of synaptic functions, including neurotransmitter release and uptake. Indeed, electrophysiological studies revealed a variety of abnormalities in neurotransmitter transmission in HD mice (12, (17) (18) (19) . Also, biochemical studies show altered neurotransmitter concentrations in HD mouse brains (20) (21) (22) . However, the biochemical basis for these abnormalities has not been characterized.
Normal htt is a cytoplasmic protein and is also associated with synaptic vesicles (23, 24) . Thus, mutant htt may interact with synaptic vesicle membrane proteins or proteins associated with vesicles in axonal terminals. One of these interacting proteins may be htt-associated protein-1 (HAP1), which co-localizes with synaptic vesicles in axonal terminals (25) (26) (27) . It is possible that polyglutamine expansion of htt causes it to bind abnormally other proteins in axonal terminals, contributing to impaired neurotransmitter transmission. However, it has not been examined whether the abnormal protein interactions could impair synaptic function, such as vesicular uptake or release of neurotransmitters.
To examine the biochemical basis for the effect of mutant htt on synapses, we characterized the association of mutant htt with synaptic vesicles and its effect on the glutamate release from these vesicles. Here we report that mutant htt binds abnormally to synaptic vesicles and decreases the glutamate release in HD brain slices. These findings suggest that the abnormal association of mutant htt with synaptic vesicles affects the uptake and release of neurotransmitters, leading to altered synaptic neurotransmission.
RESULTS

Decreased vesicular density in axonal terminals containing htt aggregates
Our previous studies have revealed that htt aggregates are localized in axonal terminals in the brains of R6/2 and HdhCAG80 HD mice (14, 16) . However, it remains unclear how this localization is related to synaptic dysfunction in HD.
We examined several other HD mouse models using electron immunogold labeling to determine whether there is a common ultrastructural change related to axonal htt aggregates. The HD mice examined included R6/1, which express the HD exon1 protein with 150Q (8); N171-82Q, which express the first 171 amino acids containing 82Q (9); and HD repeat knock-in mice, which express 150Q in the endogenous mouse htt (28) . Similar to the HD mouse models we examined previously (14, 16) , all these HD mice showed htt aggregates in axonal terminals. More importantly, the axonal terminals containing htt aggregates often displayed a lower density of synaptic vesicles than normal axonal terminals (Fig. 1 ). It was difficult to quantify the number of synaptic vesicles under electron microscopy because of the different planes of ultrathin sections. Thus, our examination focused on those axonal terminals that have a similar size and shape in the same plane. For those axonal terminals that were examined for comparison, we often found that the number of vesicles in htt aggregate-containing axons is <60% of that for axons without aggregates. Such decreased density of synaptic vesicles could be found in $65% of htt aggregate-containing axonal terminals in our electronic examination. Furthermore, the decreased synaptic vesicle density was also seen in serial sections (180-240 nm interval) of the cortex of 12-week-old R6/2 mice (data not shown). Since this phenomenon was present in various HD mouse brains expressing mutant htt of different sizes and polyglutamine repeats, we concluded that mutant htt, once accumulated in axons, may mediate a common pathological change in axonal terminals. and striatum (C) of N171-82Q mice at 4 months of age. Note that the density of synaptic vesicles is lower in the htt aggregate-containing axons than in the normal axons (double arrows). (D) In the striatum of HdhCAG150 knock-in mouse at 9 months of age, a low density of synaptic vesicles is also seen in an axon that contains aggregates associated with dark or degenerated organelles. (E) An htt aggregate almost occupies the entire cross section of an axon in a section of HdhCAG150 mouse striatum. Scale bars ¼ 5 mm.
Other axonal pathology was also noticeable, including degenerated and dark organelles in axonal terminals (Fig. 1D) . Strikingly, large aggregates were found to occupy the majority of space in some axons, suggesting that these aggregates could physically block the axonal transport of organelles and molecules (Fig. 1E) . Also, htt aggregates were observed in the postsynaptic region, indicating a dendritic localization of some htt aggregates (data not shown). However, htt aggregates at the axon terminal were observed much more frequently than postsynaptic aggregates.
Axonal distribution of htt and HAP1
To provide biochemical evidence for the association of mutant htt with synaptic vesicles, we used an established method to isolate synaptosomes (29) . The synaptosomes isolated from HD transgenic mice contained both the endogenous and transgenic mutant htt (Fig. 2) . Notably, aggregated htt, which could be seen in the stacking gel, also appeared in the synaptosomal samples. The isolated synaptosomes were then extracted with 1% Triton-X100 at pH 6. This treatment maintains the intact synaptic junctions and removes soluble synaptic proteins (29) . For example, syntaxin, a presynaptic membrane protein, is resistant to extraction whereas the soluble synaptic vesicle protein synaptophysin is removed (29) . Huntingtin and HAP1, however, still remained in the extracted synaptosomes, suggesting that they might tightly associate with synaptic scaffold. As expected, insoluble htt aggregates also remained in the extracted synaptosomes. The distribution of synaptophysin in isolated synaptosomes from HD and wild type mouse brains did not appear to be different. We also examined the distribution of several synaptic proteins including synapsin-II and synaptotagmin I but did not find any significant difference in their synaptosomal distribution between wild type and HD mouse brains (data not shown).
The localization of mutant htt in a subset of axonal terminals might not allow us to detect a change of synaptic vesicle proteins that are enriched in almost all synaptosomes. Thus we focused on HAP1, which interacts with mutant htt and is also distributed in the axonal terminals. Compared with wild type mouse brains, HD mouse brains showed a reduced amount of HAP1 in the synaptosomal fraction ( Fig. 2A) . Endogenous htt appeared to be slightly decreased in HD synaptosomes, which could also contribute to the decreased level of HAP1. To quantify the difference of HAP1 expression, we compared the ratios of HAP1 to syntaxin in the synaptosomal samples from wild type and HD mouse brains. The result also confirmed a decrease in the distribution of HAP1 in HD synaptosomes (Fig. 2B) .
The western blots in Figure 2 suggested that aggregation of htt might reduce the association of its interacting proteins with synaptic vesicles. To test this hypothesis, we used electron immunogold labeling to examine HD mouse brains. HAP1 immunogold labeling confirmed that HAP1 was associated with synaptic vesicles in the presynaptic terminals (Fig. 3A) . To investigate whether both HAP1 and mutant htt proteins were co-localized in the same axonal terminals, we used a guinea-pig htt antibody and a rabbit HAP1 antibody for double labeling. Huntingtin was then detected by immunogold labeling and HAP1 was detected by DAB staining. Only some axonal terminals contained htt aggregates, perhaps because mutant htt formed aggregates in a fraction of axonal terminals. The negative staining of htt aggregates in some axonal terminals could also be due to the localization of htt aggregates in different ultrathin sections of these axonal terminals. In those Figure 2 . Reduced association of HAP1 with synaptic vesicles in HD mouse brains. (A) Western blotting of homogenates (H) and synaptosomes (V) isolated from wild type (WT) and N171-82Q (HD) mouse cortex shows that aggregated htt (Aggr) and soluble transgenic htt (mHtt) were present in the synaptosomes and in the extracted synaptosomes (Extrac) treated with 1% Triton X-100 at pH 6 that partially disrupts isolated synaptosomes and removes soluble presynaptic proteins. The endogenous mouse htt (Htt-F) was also detected. The amount of HAP1 was lower in the synaptosomal fraction than that of wild type mouse cortex. The blots were also probed with antibodies against the presynaptic membrane protein syntaxin (Synt), the synaptic vesicle protein synaptophysin (synaph) and tubulin (Tub). (B) Densitometric analysis of the relative amount of HAP1 in synaptosomes from cortical tissues of wild type (WT) or N171-82Q (HD) mice at the age of 4 months. The ratio (meanAE SEM, n ¼ 3) of HAP1 to syntaxin in each lane was measured from synaptosomes without (ÀTriton) or with (þTriton) Triton-X100 extraction. *P < 0.05 compared to wild type (WT) synaptosomes.
axonal terminals labeled by HAP1-DAB and htt immunogold, clustered immunogold particles overlapped with HAP1 immunoreactive products ( Fig. 3B and C) . This finding suggests that mutant htt aggregates are localized with HAP1 in the same terminals. Importantly, htt aggregate-containing axonal terminals showed less HAP1 immunostaining and fewer synaptic vesicles than those that did not have htt aggregates. This result is consistent with biochemical isolation data ( Fig. 2) , which also showed a reduced HAP1 distribution in the synaptosomes isolated from HD transgenic mouse brains.
Interaction of N-terminal htt with HAP1 and synaptic vesicles
Since HAP1 is not recruited into htt aggregates (26) , the soluble form of htt may bind to HAP1 but aggregated htt may prevent the interaction of HAP1 with synaptic vesicles due to the increased association of aggregated htt with synaptic vesicles. Two sets of experiments were performed to test this hypothesis. In the first experiment, we examined the interaction of HAP1 with the soluble form of mutant htt. GST-htt exon1 fusion proteins were soluble and could be purified with agarose beads containing glutathione. When these beads were incubated with rat brain extracts, we observed that GST-htt with an expanded glutamine repeat (GST-67Q) precipitated more HAP1 than that with a normal glutamine repeat (GST-20Q) ( Fig. 4A and B) . We have established stably transfected PC12 cells that express the HD exon1 protein with either 150 (150Q) or 20 (20Q) glutamines (30) . These cells allowed us to use anti-HAP1 to precipitate endogenous HAP1 and then examine co-immunoprecipitation of htt with EM48. Mutant htt was co-precipitated with HAP1 ( Fig. 4C) . Overexposure of the blots could reveal weak signals of 20Q protein associated with HAP1 (data not shown). However, mutant htt apparently binds more tightly to HAP1 than does 20Q protein.
In the second experiment, we examined whether aggregated htt bound to synaptic vesicles using an established assay as described previously (31, 32) . Since addition of a small epitope onto the N-terminus of htt does not affect the aggregation of mutant htt, we produced His-tagged fusion proteins containing the first 171 amino acids with 23 (His-23Q) or 120 (His-120Q) glutamines. Western blots showed that His-120Q displayed different forms; one was the monomer that represented a soluble htt and another was the aggregated form that remained in the stacking gel. Dimerized fusion proteins were seen on the blots sometimes (Fig. 5A, arrowheads) , suggesting that the dimerized proteins were unstable. When these fusion proteins were incubated with the isolated synaptic vesicles, His-23Q was not detected in the vesicle precipitates, whereas both soluble and aggregated His-120Q proteins were bound to the vesicles. However, more aggregated htt bound to the vesicles than did the soluble form, as revealed by the ratios of the amount of the bound protein to synaptophysin. After stripping the vesicles with 0.1 M sodium carbonate (pH 11) to remove proteins associated with synaptic vesicles, the binding of htt to the synaptic vesicles was greatly reduced (Fig. 5A) . Thus, the association of htt with synaptic vesicles appeared to depend on the presence of other vesicle associated proteins.
To examine whether HAP1 is involved in the association of the soluble mutant htt with synaptic vesicles, we added anti- HAP1 antibody in the incubation to block the interaction of HAP1 with htt. Less soluble htt than aggregated htt bound to the vesicles after anti-HAP1 treatment, suggesting that more soluble htt than aggregated htt interacts with HAP1 to associate with synaptic vesicles. Thus, the antibody preferentially affected the association of soluble mutant htt with synaptic vesicles. Anti-htt antibody almost completely eliminated the binding of both soluble and aggregated htt to the vesicles (Fig. 5B) .
To confirm that aggregated htt does not bind to HAP1, we used a filter trap assay to examine aggregated htt in the cortex of R6/2 mice at the age of 12 weeks. The cortical tissue of wild type mice was used as a control. Filter trap assay clearly revealed aggregated htt on the membrane, which was negative to anti-HAP1 staining. This result also suggests that aggregated htt was unable to bind HAP1. (33) (34) (35) (36) . We examined R6/1 and N171-82Q mouse brains, as these mice survive for more than 4 months, allowing us to characterize the relationship between the axonal accumulation of mutant htt and glutamate release from synaptic vesicles in adult animals.
EM48 immunostaining revealed htt aggregates in the nuclei and neuropil in both R6/1 and N171-82Q mice. More neuropil aggregates were seen in brains of R6/1 than N171-82Q mice (Fig. 6A) . We then measured the glutamate release from brain slices of these HD mice. In the brain slices from the agematched littermates, we observed amounts of KCL-induced [ 3 H]glutamate efflux (158-183%) that were very similar to those reported previously (34, 35) . However, HD brain slices showed significantly less [ 3 H]glutamate release (102-140%) (Fig. 6B) . Less [ 3 H]glutamate release was seen in R6/1 slices than in N171-82Q slices, consistent with the greater neuropil aggregates in R6/1 brains. We observed that N171-82Q mice showed a similar density of nuclear inclusions, but different densities in the neuropil aggregates at the ages of 12 and 20 weeks (Fig. 6A) . The number of neuropil aggregates in the cortex in these mice increased from 83.2 AE 14/per image at 12 weeks of age to 141.7 AE 43 (mean AE SD, n ¼ 4, P < 0.05) at 20 weeks of age. This allowed us to further examine whether the increased neuropil aggregates are associated with the decreased glutamate release in the slices from N171-82Q mice. No significant decrease in [ 3 H]glutamate was observed in the brain slices from the 12-week-old mice in which neuropil aggregates were not prominent (Fig. 6B) . However, in the 20-week-old mice, significantly less [ 3 H]glutamate was released, concurrent with the increase in neuropil aggregates. These findings suggest that the accumulation of htt aggregates in the neuropil or axonal terminals is associated with the decrease in glutamate release.
DISCUSSION
Several new findings in the present study suggest that mutant htt abnormally binds to synaptic vesicles to affect synaptic function. Firstly, the axons containing htt aggregates have fewer synaptic vesicles than do normal axons. Secondly, aggregated htt binds tightly to synaptic vesicles and reduces the association of HAP1 with synaptic vesicles. Thirdly, brain slices from HD mice containing axonal aggregates have reduced glutamate release from synaptic vesicles.
While previous studies by us and others have identified htt aggregates in axonal terminals (14, 16, 37) , the present study, by comparing various HD mouse models, revealed a common axonal pathology in HD brains that displayed neuropil aggregates. This axonal pathology includes a low density of synaptic vesicles in htt aggregate-containing axonal terminals and reduced glutamate release from HD brain slices. The reduced density of synaptic vesicles may contribute to the decrease in some presynaptic proteins, such as complexin II, which can be observed in R6/2 mice at the late stage of HD (38) . The decreased release of [ 3 H]glutamate from brain slices reflects early defective synaptic transmission caused by axonal mutant htt. Consistent with this idea, mutant htt affects a variety of neurotransmitter transmission in various HD mouse models that have been found to contain axonal aggregates (12, (17) (18) (19) 39) . Also, altered concentrations of neurotransmitters were documented in the brains of HD transgenic mice (20) (21) (22) 40) . For example, microdialysis of extracellular glutamate level showed that basal striatal glutamate levels were reduced by 43% in R6/1 mice at the age of 16 weeks (20) . However, microdialysis investigations of glutamate release generate inconsistent results. Since the concentration of glutamate in the brain is also largely dependent on its uptake by astrocytes, it is unclear whether impairment of synaptic vesicles or of glial cells accounts for the altered neurotransmitter concentrations. By measuring the glutamate that is directly released from synaptic vesicles in brain slices, we found a decreased release of glutamate from the vesicles in HD mouse brains. Evidence supporting this defect also includes the correlation of the increased neuropil aggregates in HD mouse brains with the decreased release of glutamate. Furthermore, the axonal localization of htt aggregates and their association with the decreased numbers of synaptic vesicles also suggest that axonal htt aggregates may affect glutamate release. The decreased release of glutamate from synaptic vesicles is consistent with findings that HD exon1 transgenic mice have reduced glutamatergic synaptic activity 3 H]glutamate uptake by the slices and before KCl stimulation. The data are presented as mean AE SE and obtained from 4-6 mice for each group. *P < 0.05; **P < 0.01 compared with age-matched littermates (WT). (17) and are resistant to the glutamatergic excitotoxicity of NMDA and quinolinic acid (20, 41) .
Electron microscopy revealed a significant amount of aggregated protein clustered in axonal terminals. The EM48 immunogold labeling might only be able to detect aggregated htt in the fixed brain sections. Using biochemical assays, we observed the presence of both soluble and aggregated htt in axonal terminals. Moreover, aggregated htt bound more tightly to synaptic vesicles than did the soluble form of mutant htt, as evidenced by the increased amount of aggregated htt associated with synaptic vesicles in the subcellular fractionation and in vitro binding assays.
Given the limited space within axons and the fairly large size of polyglutamine aggregates, these aggregates could readily create a physical barrier that interferes with organellar transport and vesicle recycling in axons (42, 43) . This idea is supported by the result in Figure 1C , in which a large htt aggregate occupies almost the entire axon. In addition, through their association with synaptic vesicles, axonal terminal aggregates could affect the synaptic vesicle recycling to inhibit the regeneration of synaptic vesicles. Such an effect could alter the release and uptake of various neurotransmitters and could lead to axonal degeneration. Overt axonal degeneration is not observed in HD transgenic mice that have a rapid disease progression and early death; however, obvious axonal degeneration was found to associate with axonal htt aggregates in old HD repeat knock-in mice (>17 months) (42) . Thus, axonal degeneration appears to be age-dependent. Axonal degeneration is an early pathologic feature in a number of agedependent neurodegenerative diseases (44) and may be an early pathological change in HD patients, which contributes to impaired memory, reduced learning ability, uncontrolled body movement and other early symptoms (4-7).
Based on our observations, we proposed a diagram showing the interactions of different htt forms with synaptic vesicles and their associated proteins (Fig. 7) . Both htt and HAP1 may function as scaffold proteins and dynamically associate with synaptic vesicles in axonal terminals. In HD, the association of soluble mutant htt with synaptic vesicles may depend on its interacting proteins including HAP1 and HIP-1. HIP1 is a protein that is important for clathrin-mediated endocytosis (45) (46) (47) . HAP1 is expressed predominantly in neurons, and deletion of its expression causes a feeding defect and postnatal death in mice (48, 49) . The reduced association of HAP1 with synaptic vesicles in HD mice may be due to the enhanced interaction of soluble mutant htt with HAP1, which in turn prevents HAP1 from interacting with other synaptic vesicle proteins. Aggregated htt, on the other hand, may bind synaptic vesicle membrane tightly and affects the release and uptake of glutamate and perhaps other neurotransmitters as well. The increased binding of mutant htt to the vesicle membrane could also reduce the association of HAP1 and/or other proteins with synaptic vesicles. Whether and how htt binds to other synaptic vesicle proteins to affect synaptic function remains to be further investigated.
Identification of the association of axonal htt aggregates with defective glutamate release from synaptic vesicles implies that cytoplasmic mutant htt could mediate cytotoxicity at a specific subcellular site. Like the nucleus, neuronal processes may have lower activity of chaperones and/or proteasomes and are thus favorable for the aggregation of mutant htt. If the limited space in axons and their terminals are unable to accommodate large htt aggregates, neuronal dysfunction could occur in the absence of cell body degeneration. The morphological and biochemical evidence in the present study provides a basis for the early pathological changes in HD mouse brains and would also be important for the development of effective therapeutic interventions for HD.
MATERIALS AND METHODS
HD mice
R6/1 and R6/2 mice [B6CBA-TgN (HDexon1) 61 and 62], which express exon1 of the human mutant HD gene containing 115-150 CAGs (50) and N171-82Q mice [B6C3F1/ TgN(HD82Gln)81Dbo], which express the first 171 amino acids with 82 glutamines (9), were obtained from the Jackson Laboratory. Breeding pairs of HD repeat knock-in mice (HdhCAG150) expressing full-length mouse htt with an expanded polyglutamine repeat (150Q) were provided by Dr Peter Detloff (28) . HD transgenic mice were bred and maintained in the animal facility at Emory University. Genotyping of transgenic mice was performed using methods described previously (9, 28, 50) .
Antibodies
EM48 and EM73 are rabbit and guinea-pig polyclonal antibodies, respectively, which were generated using GST fusion proteins containing amino acids 1-256 of human htt, as previously described (16) . This fusion protein was also used to generate mouse monoclonal antibody mEM48 as described previously (51) . Rabbit anti-HAP1 was generated from our previous studies (25) . Other antibodies used included mouse monoclonal antibody 2166 against htt (Chemicon), mouse monoclonal antibodies against syntaxin (Sigma), gamma tubulin (Sigma), synaptophysin (Transduction Laboratories), Figure 7 . Model depicting interactions of htt with synaptic vesicles. Glutamate is released from and uptaken by (black block arrows) synaptic vesicles (SV). Htt and HAP1 may dynamically associate with synaptic vesicles in axonal terminals. In HD, soluble mutant htt binds tightly to HAP1 and reduces HAP1's association with synaptic vesicles. Aggregated mutant htt also binds synaptic vesicle membranes and inhibits their uptake and release of glutamate (white block arrows). Such effects could also affect synaptic vesicular release or uptake of other neurotransmitters.
rabbit antibodies against synaptotagmin and Rab3A (StressGen) and rabbit anti-synapsin I (Sigma).
Immunocytochemistry
For electron microscopy, mice were anesthetized by intraperitoneal injection of chloral hydrate (400 mg/kg body weight), and then fixed by intracardial perfusion with 0.1 M sodium phosphate buffer (PB, pH 7.3) containing 4% paraformaldehyde and 0.2% glutaraldehyde. After perfusion, the brains were removed, postfixed with 4% paraformaldehyde in PB for 6-8 h, and then sectioned using a vibratome.
For immunogold single labeling, brain sections were incubated with EM48 in PBS containing 4% normal goat serum (NGS) for 24-48 h at 4 C. After washes with PBS, sections were incubated overnight at 4 C in PBS with 4% NGS and Fab fragments of goat anti-rabbit secondary antibody conjugated to 1.4 nm gold particles (1 :200; Nanoprobes, Stony Brook, NY). After rinsing in PBS, sections were fixed again in 2% glutaraldehyde in PB for 1 h, and silver intensified using the IntenSEM kit (Amersham International, Buckinghamshire, UK) for 5-10 min on ice.
Double labeling of htt and HAP1 in mouse brain sections was performed as described previously (52) . Briefly, tissues were incubated sequentially, first with the guinea pig antibody EM73 (1 :500) and then with the rabbit anti-HAP1A antibody (1: 4000). Each incubation was performed in PBS containing 4% NGS at 4 C for 24-48 h. After washes, the sections were incubated at 4 C overnight with goat anti-guinea-pig IgG Fab fragment conjugated with 1.4 nm gold particles (1:100) for htt labeling and biotinylated goat anti-rabbit IgG (1 :200; Vector, Burlingame, CA) for HAP1 labeling, followed by the incubation with avidinbiotin complex (1:100; Vector ABC Elite, Burlingame, CA) at room temperature for 2 h. After the brain sections were incubated with reagents from the IntenSEM kit for 5-10 min on ice, the sections were treated with 0.05% 3,3 0 -diaminobenzidine (DAB, Sigma, St Louis, MO) and 0.01% hydrogen peroxide in 0.05 M Tris buffer (pH 7.6) at room temperature for 10 min.
All sections were osmicated in 1% OsO 4 in PB, dehydrated in ascending concentrations of ethanol and propylene oxide/ Eponate 12 (1 :1) and then embedded in Eponate12 (Ted Pella, Redding, CA). Under a dissection microscope, the cortex and striatum were removed, and then cut into ultrathin sections (60 nm) on a Leica Ultracut S ultramicrotome. The ultrathin sections were counterstained with 5% aqueous uranyl acetate for 5 min followed by Reynolds lead citrate for 5 min and examined using an Hitachi H-7500 electron microscope.
Light microscopy was used to quantify neuropil aggregates as described previously (14) . The numbers of neuropil aggregates per image (650Â) were obtained from four mice for each group and analyzed with a Student t-test. Two mice of each group were used for immunogold labeling so 8 HD mouse brains were analyzed by electron microscopy. Ages of the HD mice examined are indicated in the figure legends.
Synaptosome preparation
Synaptosomes were prepared using a previously described method (29) . Cortices from control littermates and N171-82Q mice at the age of 4-5 months were homogenized in 15 ml of homogenization solution (0.32 M sucrose, 0.1 mM CaCl 2 , 1 mM MgCl 2 , 0.1 mM PMSF) at 4 C using a Teflon-glass homogenizer. The homogenate was brought to a final sucrose concentration of 1.25 M and then overlaid with 10 ml of 1.0 M sucrose, 0.1 mM CaCl 2 and 5 ml of homogenization solution. After centrifugation at 100 000g for 3 h at 4 C, a band representing synaptosomal membranes was collected at the 1.25 M/1.0 M sucrose interface.
Synaptosomes were also extracted with 1% Triton-X100 at pH 6.0 as described previously (29) . This treatment removed soluble or non-synaptic proteins and maintained the intact synaptic junction. After washes with the extraction buffer, the pellet was resuspended and the protein concentrations were determined using a protein assay kit (Pierce, Rockford, IL). Equal amounts of protein (100 mg) were resolved by SDS electrophoresis and western blotting with antibodies 2166 (1 : 2000) , anti-syntaxin (1 : 5000), EM48 (1 : 500), anti-HAP1 (1 : 1000), anti-synaptophysin (1 : 200) and anti-tubulin (1 : 3000).
In vitro interaction and co-immunoprecipitation
To examine the interaction of htt and HAP1, GST fusion proteins containing exon1 HD protein with 20 (20Q) or 67 (67Q) glutamines were produced and purified as described previously (16) . GST-htt linked with glutathione-agarose beads was incubated with rat brain cortical lysates in PBS with 1% Triton X-100 and protease inhibitor mix (Sigma). The reaction was kept on a rocking platform at 4 C for 3 h. After the beads were precipitated at a low speed (900g) and washed three times with PBS, the beads were resuspended in SDS sample buffer for western blot analysis.
To precipitate HAP1 protein complexes from HD cells, we used stably transfected PC12 cell lines that expressed the htt exon1 protein containing either 20Q or 150Q (30) . Cell extracts (0.1 g/ml) in lysis buffer [50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 1 mM EGTA, 0.1% SDS, 0.5% sodium deoxycholate, 1 mM PMSF and protease inhibitor cocktail (1Â; Sigma P8340)] were clarified by centrifugation at 10 000g for 15 min. The supernatant (500 ml at 1 mg protein/ml) was subjected to immunoprecipitation with 10 ml of anti-HAP1 serum for 2 h at 4 C. Protein A Sepharose (15 ml of 50% slurry) was added to the mixture and incubated for an additional 1 h. The protein A beads were precipitated by centrifugation (2000g) for 1 min, washed three times with lysis buffer, resolved by 4-12% SDS-PAGE and analyzed with mEM48 (1 : 100 dilution) and anti-HAP1 (1 : 1000 dilution).
In vitro binding of htt to isolated synaptic vesicles was performed using the methods as described (31, 32) . Since Histagged htt is more prone to aggregation than GST-htt, we used His-tagged htt to examine the association of aggregated htt with synaptic vesicles. Generation of His-htt containing the first 171 amino acids of htt with 23Q or 120Q was described in our previous study (51) . A fraction enriched in synaptic vesicles (LP2 fraction) was prepared by first isolating synaptosomes from rat brain, followed by hypotonic shock and differential centrifugation (53) . Purified His-htt was incubated with the isolated synaptic vesicles at room temperature for 1 h. The reaction mixture (200 ml) contained 50 mg synaptic vesicle proteins and 50 ng purified His-htt in PBS with protease inhibitor mix (Sigma). Bound htt was separated from unbound htt by ultracentrifugation at 100 000g at 4 C for 30 min. After washes with the binding buffer, the synaptosomal precipitates were resolved by western blots with EM48. To strip the vesicles, the vesicles were incubated with 0.1 M sodium carbonate (pH 11) for 5 min and centrifuged to remove associated proteins. The precipitated pellets were washed with PBS before binding to His-htt.
Western blots and filter trap assay
Homogenates of brain tissue or cultured cells were resuspended in PBS with protease inhibitor cocktail (1X P8340, Sigma), PMSF (100 mg/ml) and 1% Triton X-100. Western blotting was performed using 4-12% or 4-20% polyacrylamide TrisGlycine gels (Invitrogen) and ECL kits (Amersham). Filter trap assay was performed as described in our previous study (54) . Lysates of cortex from 12-week-old R6/2 mice were precipitated by centrifugation at 13 000g for 15 min. The precipitated pellet was treated with 2% SDS at RT for 15 min, sonicated for 10 s and filtered through a cellulose acetate membrane (Schleicher and Schuell, 0.2 mm pore size). A dot blot filtration unit was used for filter trap assays. The SDS insoluble aggregates that were retained on the filters were detected by incubation with EM48 and anti-HAP1, followed by ECL detection.
Glutamate release assay
In vitro glutamate release from brain slices was measured using established assays (33) (34) (35) (36) . Cortical-striatal slices (4 slices of 300 mm thick) prepared from each mouse were placed in a 20 ml chromatography column and constantly perfused with 37 C oxygenated (95% O 2 and 5% CO 2 ) Krebs-Ringer buffer (in mM: 11.5 glucose, 25 NaHCO 3 , 1.2 MgCl 2 , 1.2 NaH 2 PO 4 , 118 NaCl, 4.8 KCl, 2.5 CaCl 2 and 0.004 Na 2 EDTA, pH 7.4) at room temperature for 20 min. Slices were incubated with 
Statistical analysis
Data are expressed as mean AE SEM. Statistical analysis of data used variance followed by the Student t-test. Differences were considered significant if P < 0.05.
